Using Ethiopia's maize production as a case study, this paper examines the uses of maize biomass as a bioeconomy crop, and its implications and challenges for household food security. In the context of this study, bioeconomy refers to the production and utilization of biological resources or biomass to provide products, processes and services. The study followed a mixed methods approach that involved a household survey covering 322 randomly selected farmers, key informant interviews and focus group discussions in Ethiopia. We examined the implication of intensity of biomass use on farm household food security using an endogenous switching regression model. The study found multiple areas of use of maize biomass, although many of them were underdeveloped and underutilized. Model results further showed a positive and significant effect of diversification of use of biomass on the food security of farm households. Raising the quantity of maize biomass is important to enhance farm household food security as it allows farm households to increase the amount of biomass allocated for individual use and also to use it for diverse purposes. Yet, a broad set of factors including lack of market access, limited information and extension support on the uses of biomass, and a lack of biomass value-adding technologies have restricted the full potential of biomass utilization. Therefore, this study highlights the importance of provision of these factors in order to unlock the potential of biomass for food security and advance the development of the bioeconomy.
Introduction
In recent years, the achievement of sustainable economic growth has become a global challenge. This challenge stimulates the need to move from an economy based on fossil fuels to a biomass-based economy (Börner et al. 2017; Von Braun 2014) . The definition of biomass-based economy, also known as 'bioeconomy', remains a matter of debate. The German Bioeconomy Council (2015) for instance defined it as the production and utilization of biological resources to provide products, processes and services in all sectors of trade and industry within the framework of a sustainable economy. The bioeconomy is relevant for sub-Saharan Africa (SSA) as the region is confronted with major food security challenges despite huge underutilized biomass resources (Börner et al. 2017; Von Braun 2014) . There are, however, two key challenges to developing the bioeconomy in the African context: increase in productivity of biomass, and ensuring that biomass is used efficiently in a way that is compatible with food security (Abass 2014; Mohr et al. 2015; Müller et al. 2015; Von Braun 2009) . Achieving sustainable economic growth through the use of biomass resources obtained from plant and animal origin has been advocated for reducing food insecurity while at the same time enhancing sustainable livelihoods of smallholders (Abass 2014; Mohr et al. 2015; Virchow et al. 2014) . However, there are essential gaps in our knowledge as to how biomass, particularly crop biomass, is utilized and how important are these use decisions for Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12571-018-0865-5) contains supplementary material, which is available to authorized users.
household food security. This article aims to fill this knowledge gap in the context of maize biomass in Ethiopia.
Ethiopia's agricultural productivity growth is driven by cereal productivity. Despite the production of large amounts of cereal biomass and high yield potential, achieving food security remains a challenge Taffesse et al. 2011 ). The focus of previous studies was tilted towards grain productivity, while less attention was paid to the production and utilization of all the components of cereal crops. For the purpose of this study, maize biomass includes components such as grain, cobs without grain, stalks, leaves and husks. Sample survey results by the Central Statistics Agency (CSA) show the various usages of maize grain, where about three-fourths go into direct food consumption (CSA 2011 (CSA , 2014 . Minot (2013) and Rashid et al. (2010) have identified some of the constraints in the development of the maize sector in Ethiopia. The lack of markets and down-stream processing and inconsistent export policies are among the major bottlenecks. BDemand sinks^in the poultry and livestock sectors are potential market opportunities for stimulating growth of the maize sector. Others have looked at the tradeoffs in crop residue utilization in the context of Ethiopia (Jaleta et al. 2015; Mekonnen et al. 2017) and Kenya (Baudron et al. 2014) , and SSA (Jaleta et al. 2013) . Jaleta et al. (2015) for instance assessed the determinants of crop residue management, and identified major uses of crop stover as feed, fuel and for soil enhancement. Mekonnen et al. (2017) looked at the tradeoffs between the domestic and productive uses of biomass energy sources. In other words, the domestic energy use of biomass components such as cow dung and crop residues reduces agricultural production and productivity outcomes. However, an in-depth empirical study that examines the utilization of the entire maize biomass and its impact on the food security of farm households is lacking. Using the maize production system in Ethiopia, this study assessed the various uses of maize biomass and the implication of decisions by farm households on food security and for the development of the bioeconomy.
The objective of our study was to analyze decisions within farm households on all aspects of maize biomass utilization, and to examine implications for food security. The study primarily addressed two research questions: For what purposes do farmers use maize biomass? And how important are these decisions for household food security? The study used a mixed methods approach. Data were collected from a household survey covering 325 randomly-selected farmers, interviews with key informants, and focus group discussions (FGDs) in two maize-belt districts, Mecha and Bako, in Ethiopia. Data were analyzed using content analysis, descriptive statistics and an endogenous switching regression model.
The rest of the paper is organized as follows: the next section describes the conceptual framework and reviews literature on the uses of biomass components. Section 3 provides a brief description of data collection and analysis techniques. Section 4 presents results on the uses of components of biomass, food security profiles of sampled farm households, and the empirical model results on the impact of intensity of biomass utilization on household food security. A discussion of major findings from the study is in section 5. The last section provides concluding remarks and policy implications.
Conceptual framework and review of literature
Maize is an important cash and food crop with high biomass potential. As in many other SSA countries, food insecurity and poverty are pervasive in Ethiopia. Cereals, particularly maize, have been seen as potential crops for alleviating poverty and food insecurity. Previous studies (e.g. Abate et al. 2015; Alemu et al. 2010; Rashid et al. 2010; Taffesse et al. 2011 ) examined supply side factors with a focus on the determinants of maize grain production and productivity successes and challenges. The study by Taffesse et al. (2011) , based on national survey data, argued that the increased production of cereals including maize in the last decade is the result of the cultivation of an increased land area. Abate et al. (2015) , using data from the CSA, on the other hand, argued that the increased use of extension services, improved seeds and fertilizers, and increased number of researchers (and size of budget) have been major drivers of production and productivity successes in the last two decades. It appears that the sources of cereal production and productivity successes in the last two decades is a mixture of all of the aforementioned factors. Additionally, others (e.g. Asfaw et al. 2012; Jaleta et al. 2018; Teklewold et al. 2013) have studied the welfare impact of maize technology adoption. All agree on the importance of institutional support, including the extension service and improved seeds and fertilizers. However, post-production issues were not included in most of the studies conducted thus far.
Overall growth of the maize sector depends on both supply side factors and on demand. Post-production decisions on the uses of maize biomass consisting of grain, stalks, cobs without grain, leaves and husk components are also important. Components of maize other than grain are classified as nongrain maize biomass. For maize, some studies (e.g. CSA 2011 CSA , 2014 have looked at the uses of maize grain while others (e.g. Jaleta et al. 2015 Jaleta et al. , 2013 Mekonnen et al. 2017; Tegegne et al. 2013 ) have looked at the uses of non-grain maize biomass. The agricultural sample survey reports on crop utilization published by the CSA (2011, 2014) indicate that about three quarters of maize grain prior to the survey was consumed as food at the household level, followed by sale accounting for 11% and seed for 10%. Total maize consumption in Ethiopia is one of the highest in eastern Africa (3.9 million metric t compared to 3.2 million metric t in Kenya). However, the estimated annual per-capita maize consumption is relatively low, at 162.5 kg compared to 296 kg for Kenya and the regional average of 289 kg (MOA and ATA 2017) . A diagnostic study authored by Rashid et al. (2010) identified marketing challenges such as volatility of price, absence of year-round markets and inconsistent export policy in Ethiopia.
1 The study suggested the livestock and poultry sectors as potential 'demand sinks' for boosting the maize sector. That recommendation was because Ethiopia has the largest livestock population in Africa (CSA 2013; Tegegne et al. 2013 ). The study estimated 800,000 t of cereal for downstream processing as food and 450,000 t of maize for feed. A qualitative assessment commissioned by the International Livetock Research Institute (ILRI) also identified that feed shortages remain a challenge in the dairy production and marketing systems in Ethiopia (Tegegne et al. 2013) . However, the challenges in creating and utilizing these demand sinks are unknown and insufficient evidence is available.
Non-grain maize biomass can serve several purposes. For instance, Jaleta et al. (2015) based on cross-sectional survey data collected from 1430 farm households in 2011, studied the uses of maize stover and its determinants in Ethiopia. They found that 56% of maize stover had been used for feed and 31% for fuel. Cropping patterns, farm size and production of maize stover were the main determinants of tradeoffs in the utilization of crop residues. Mekonnen et al. (2017) , based on survey data covering 930 randomly selected households in Ethiopia, indicated that on farm production of maize biomass components (crop residue such as stalks, leaves, maize roots and cobs without grain) for fuel purposes enhances the value of crop output and saves labor by making fuel wood collection unnecessary.
However, none of the previous studies has shown the utilization of all the components of above-ground maize biomass, and the food security effects of individual or diverse use decisions. With this rationale, in our study we conceptualized that all the biomass components (such as grain, cobs without grain, stalks and leaves) presented in the first column of Fig. 1 could be used for varied purposes (see column 2 of Fig. 1 ). These single or diverse likely uses such as for food, feed and fuel in turn affect food security through numerous pathways as indicated in columns three and four of Fig. 1 . Additionally, since food security has been defined as the availability and adequate access at all times to sufficient, safe, nutritious food to maintain a healthy and active life (see FAO 2008) , its four main dimensions (food availability, access, utilization and stability) are also in column 4 of Fig. 1. 1 Export of maize was banned with the objective of market stabilization following the 2007/8 food crises. However, the banning of maize exports resulted in a net cost to the national economy as the gain to consumers was less than the loss to maize growers (Minot 2013) A decision by a farm household to use maize grain for direct food consumption enhances the availability and utilization of food at the household level. And the decision to allocate biomass for markets increases farm income, which in turn contributes to improved access to the food dimension of food security. Furthermore, a decision by a farm household to leave parts of the biomass (leaves, stalks, husks) on farm fields can enhance fertility of the soil and crop productivity, which in turn enhances the availability of food for the household. Farm household decisions to use the cobs without grain and stalks for 'fuel' purposes improves utilization and stability of food at the household level. In addition to individual use decisions, the study hypothesized that the intensity of use of maize biomass (use diversification) influences food security outcomes.
Methods and data
The study used a mix of quantitative and qualitative approaches and involved a composite of data collection and analysis techniques. The aim was to quantify maize biomass production and utilization, and thereby to examine the implications of biomass use on household food security. Beyond quantification, the qualitative approach complements and deepens our understanding of biomass utilization and helps in further exploring the factors and challenges influencing decisions on the utilization of biomass. Qualitative data were collected using key informant interviews and FGDs. Our key informants included maize growers, experts at the district agriculture office, researchers at the national maize research center, experts with the food and feed processing industries and poultry farm managers and owners. Four FGDs, two in each district, with four to five farmer participants in each, and two FGDs (one from each district) with nine participants, were conducted. Cross-sectional data were collected from a randomly selected sample of 325 farm households between July 2015 and January 2016 in the maize growing regions of Amhara and Oromia.
A multi-stage random sampling technique was employed to draw sample households. Firstly, Mecha district in the Amhara region and Bako district in Oromia region were selected purposively. Mecha and Bako are leading maize producing districts in the country (Warner et al. 2015) . Secondly, three peasant associations from Bako district and four from Mecha were randomly selected. Finally, a total of 325 maize farmers, 188 from Mecha and 137 from Bako, were selected randomly. Of the total sampled farm households, only data from the 322 farmers was used for analysis as the remaining contained incomplete information on the allocation of maize biomass for the various uses. The questionnaire and survey guides are available online as supplementary material.
The following sub-section describes techniques used to examine the type and intensity of biomass use. The second sub-section presents the instrument applied to measure the food security of farm households. The last sub-section outlines the implications of intensity of biomass use on food security, and the challenges for biomass utilization.
Intensity of biomass use
A simple descriptive approach was followed to assess the amount of maize biomass production and the share of biomass allocated for several purposes in the last cropping season. Then, intensity of biomass use was measured using a proxy indicator called the Herfindahl-Hirschman Index (HHI). HHI is a method commonly used to measure market concentration. It is defined as the sum of the squares of market shares of individual firms operating in the market (Calkins 1983; Clarke and Davies 1984; Feeny and Rogers 1999; Jacquemin and Berry 1979) .
Mathematically, if farmer n (where n = 1, 2…m) produces Q n amount of maize in one cropping season, and uses for i (i = 1, 2…j) purposes with a share of q,
Q n is the total annual maize production of farm household n, q nj is n farm household's annual maize production allocated for j purposes, and m is the total number of sample farm households.
The value of the index lies between zero and one. The value zero and one denote, respectively, the least and highest market concentration. The study therefore contextualizes the HHI to measure the degree of maize biomass use diversification. The diversification index (DI) moves in an opposite direction to concentration. Therefore, when the value of HHI is one (high concentration), the degree of diversification (DI) becomes zero (i.e. 1-HHI = 0) and vice versa. This relationship has been expressed using eq. 2
Thus, when the entire maize biomass goes to a single purpose, the HHI equals to one and the DI value to zero, indicating no diversification and vice versa.
Household food security
The food security profile of sampled households was measured using a standard measurement method called food consumption score (FCS) Based on frequency of consumption of the food groups within the recall period and weight of each food group, the consumption score was computed using eq. 3 below;
FCS n denotes the food consumption score of individual n, f i is the frequency of food group i (i = 1,2…j) consumed during the recall period, w i is the respective weight attached to food group i. Households were classified into three groups using the standard FCS thresholds. The thresholds were less than 21, between 21.5 and 35, and above 35 denoting poor, borderline and acceptable food consumption profiles, respectively.
2 The standard seven-day recall period of the instrument was changed to a four-week recall period to overcome possible inclusion and exclusion of few food groups within the recall period for reasons of fasting, seasonal availability or unavailability of the food. This instrument however does not totally measure food security due to recall biases and complexity of the food security concept.
Econometric approach
The simplest technique in studying the impact of a decision or an intervention on a certain outcome variable is a simple ordinary least square (OLS). This however does not provide sufficient evidence to believe that the impact is attributed to the intervention only as other controlled and uncontrolled variables could have influenced an outcome variable. This requires the use of a proper impact assessment technique that captures both the observed and unobserved heterogeneities.
The study hypothesized that decisions by farm households about diversification influence food security. A dummy variable that equals 1 if a household diversifies and 0 otherwise was generated. This dummy is used in the OLS equation with the outcome variable, FCS, with the assumption that it is exogenous. However, assuming a households' diversification decision to be exogenous while it is endogenous negates the credibility of our estimation. The estimates are also not consistent and efficient (Maddala 1983; WB 2010) . Other techniques such as propensity score matching or the Heckman switching model suffer from problems of endogeneity and selection biases as both fail to capture unobserved factors that account for heterogeneities on the outcome variable (e.g. Asfaw et al. 2012; Shiferaw et al. 2014) . Single or diverse use of biomass is the subjective choice of a farm household. Thus, the endogenous switching regression (hereafter, ESR) model, which is a variant of the classical Heckman selection model, was used for several reasons. Unlike other impact evaluation techniques, ESR overcomes the problem of selfselection and makes estimation of treatment effects efficient in times of non-random allocation of subjects to treatment and control groups (Powers 2007; WB 2010) . Another novelty of the ESR model is that it helps to control both observed and unobserved heterogeneity between those who diversified and those that did not.
Assuming that farmers are rational decision makers, they pursue the best biomass use decision that maximizes utility subject to their social and economic contexts. Household decisions about diversification can be influenced by exogenous variables. Therefore, to examine the implication of farm households' diverse or non-diverse use decisions on food security, a selection model for diversification explained by eq. 4 below was used:
i is the latent variable that determines the decision to diversify the use of maize. Z i are non-stochastic vectors of observed household characteristics (socioeconomic and demographic factors such as gender, access to market, access to alternative hybrid seeds, access to credit and markets and (2008) information and extension) that could influence a diversification decision. α are vectors of parameters. ɛ i are error terms associated with diversification. D i is the observed dichotomous realization of latent variable D * i of whether individual i decides to use maize for single or multiple purposes (Lokshin and Sajaia 2004) . In other words, D i is an observable counterpart of the dependent variable, diversification, which is equal to one if a farm household diversifies and zero otherwise. However, D i is a continuous variable which needs to be transformed into a binary dummy to fit the selection equation (Lokshin and Sajaia 2004; Maddala 1983) . Thus, households are grouped into diversifiers and non-diversifiers by taking the midpoint of the diversification index. A dummy variable (DI) is thus generated which equals to one for households' scoring index value of 0.5 and above as diversifiers and zero otherwise. To minimize the subjective decision on the cutoff points for the two groups, the median (k) index value has also been used as a cutoff to check the robustness of our result (see Table 9 in the appendix). Furthermore, the diversification index only represents the grain biomass for several reasons. The grain and nongrain parts of biomass do not have equal market value and we do not equally know them. Thus, taking the diversification index of the whole biomass in our model might be misleading and might not reflect the true implication of the decision.
We adopted the ESR model of FCS outcome where farmers face two regimes: (1) to diversify, (2) not to diversify, defined by the following equations:
FCS i is the household food consumption score in regimes 1 and 2, X i are vectors of households' characteristics expected to influence the outcome FCS.
Following Maddala (1983) and Di Falco et al. (2011) , our model needs to be identified. Thus, an identifier variable or an instrumental variable that identifies the treatment and control groups needs to be selected by imposing an exclusion restriction in the outcome eq. 5. Following Di Falco et al. (2011), instrumental variables were selected by carrying out a falsification test. According to this test, a valid instrumental variable satisfies the condition that it affects the selection function (diversification) but not the outcome variable. Accordingly, information-extension affects diversification (Probit model, χ2 = 153.58, p = 0.000 and Pseudo R 2 = 0.372) but does not directly affect food security (OLS, R 2 = 0.33, F-stat. = 8.99, p = 0.686). Access to information-extension on the use of maize qualifies this condition, and hence it is used as an instrument, so that our model easily identifies the selection and outcome functions. In addition to the statistical test of validity of the instrument, it is true that access to extensioninformation on the uses of biomass supports farm households to get out of the single use syndrome. This is because the use of biomass by farmers is limited to their local contexts and knowledge despite other potential uses. Thus, enhancing farmers' awareness through information-extension about the uses of biomass is the first stage for farmers to allocate their biomass for various purposes by taking into account the comparative advantage of the uses. This enhances efficiency in biomass production and utilization, though does not guarantee it, and lays the foundation for the second level effect of farm household diverse use decision on food security.
Finally, error terms in eqs. 4, 5a and 5b are assumed to have a trivariate normal distribution, with zero mean and nonsingular covariance matrix expressed as
Where σ 2 ɛ is the variance of the error term in the selection equation (diversification) which can be assumed to be equal to 1, since the coefficients are estimable only up to a scale factor (Maddala 1983) . σ 2 1 and σ 2 2 are the variances of the error terms for the outcome function, expressed by eq. 5a and 5b. σ 1ɛ and σ 2ɛ are covariance of the error terms, ɛ i and u 1i and u 2i , of the selection and outcome functions respectively. Maddala (1983) argued that if the error terms are correlated, OLS estimate will give inconsistent and inefficient parameter estimates. The error terms of the selection and outcome functions (ɛ i and u 1i and u 2i ) are assumed to be correlated implying that the expected values of u 1i and u 2i conditional on the sample selection are non-zero:
Where ∅(.) is the standard normal probability density function and Φ(.) is the standard normal cumulative density function,
Þ . To test the null hypothesis of no sample selectivity bias, and to have evidence on the fitness of the ESR model, we need to estimate the covariance,σ 1ɛ andσ 2ɛ which we do not know before estimation (Di Falco et al. 2011) . And if we find a statistically significant result, it proves that the diversification decision and FCS are correlated, implying that the diversification decision is an endogenous variable. Indeed, this again provides evidence of appropriateness of use of the ESR model. An efficient method to estimate an ESR model is the full information maximum likelihood estimation implemented using 'movestay' STATA command (Lokshin and Sajaia 2004) . Hence, the log likelihood functions on the error terms of the selection and outcome functions are given as:
2 with ρ j signifying the correlation coefficient between the error terms of the selection equation 3 and the outcome function (4a and 4b), ɛ i and u ji respectively. The above ESR model can be used to estimate the treatment effect of the treated and untreated by comparing the expected values of the outcomes of diversifiers and non-diversifiers in actual and counterfactual situations. Thus, the estimated treatment effect helps us to compare the outcome variable (FCS) for the observed groups or actual diversifiers and non-diversifiers denoted by a and b, respectively. Moreover, it enables us to probe the expected impact on the outcome variable in the counterfactuals that farm households who used maize for diverse uses had if they did not diversify, and that nondiversifying farm households had if they diversified. According to Di Falco et al. (2011) , the expected treatment effects are computed as follows:
Diversifiers (observed in the sample)
Diversifiers, had they decided not to diversify (counterfactual)
Non-diversifiers (observed in the sample)
Non-diversifiers, had they decided to diversify (counterfactual)
The average treatment of the treated (ATT) is the difference between 9a and 9b.
The average treatment effect of the untreated (ATU) is the difference between 9c and 9d;
The average treatment effect of the treated (ATT) measures the difference in the food security outcome of the treated farm households who diversified the use of maize with the counterfactual. The average treatment effect of the untreated (ATU) on the other hand measures the difference in the food security outcome of the untreated households who did not diversify the use of maize biomass and their counterfactual.
One of the limitations of the ESR could be sensitive because of the assumption of the selection of the instrumental variable. Accordingly, the propensity score matching (PSM) method can be used to check the robustness of the estimated treatment effect of the ESR. The basic setup and detailed specification of the PSM is not dealt with here as we used the PSM to check the robustness of our ESR results. However, detailed explanations are available in econometrics literature (e.g. see Wooldridge 2002).
Results
The first section of the results gives a description of the sociodemographic and socioeconomic characteristics of the farm households. The second provides results on plot level annual average maize biomass production and maize productivity or grain yield per hectare (ha). The third section presents the intensity of maize biomass use, followed by a section on the description of the food security profile of farm households. Lastly, we provide the results of the food security impact of maize biomass use decisions and the challenges in biomass utilization. Table 2 reports descriptive statistics for the full sample of farm households, and for households who did diversify and those that did not. The mean age of farm households, education level and family size of farm households interviewed was about 43 years, 3.7 years and six persons, respectively. The average land holding size of the sampled maize farmers was about 1.6 ha. Of this, two-thirds was allocated for maize production in the 2014/5 cropping season. The average land holding size for biomass use diversifiers and non-diversifiers was 1.9 ha and 1.4 ha, respectively.
Descriptive statistics of farm households
The mean access to markets, irrigation, credit and information extension support was 0.63, 0.53, 0.36 and 0.49, respectively, as presented in Table 2 .
Maize biomass production
Biomass production and productivity shape decisions within farm households on the use of biomass. Figure 2 presents average production by plot and productivity per ha for the total biomass and disaggregated grain and non-grain biomass (all components other than grain) based on production in the 2014/5 main cropping season.
3 The annual average field-plot level biomass production was 4692 kg; comprising 3146 kg of grain and 1547 kg of non-grain biomass. The mean biomass yield per ha was 5313 kg. The mean grain and non-grain biomass yield per ha were 3414 and 1898 kg, respectively.
Type and intensity of biomass uses
The most common maize biomass uses, and intensity of use are described and disaggregated into grain and non-grain biomass in the subsequent sub-sections.
Maize grain uses
The total average maize grain biomass produced in 2014/5 was used for varied purposes (Fig. 3) . The main uses of grain maize biomass were direct home consumption, sale for cash, production of local beverages and feed for livestock.
Of the total average production in the 2014/5 cropping season, about two-thirds (3146 kg of grain biomass) was used for own food. The use of maize grain for own food consumption was higher in Mecha than in the Bako district. Farm households Source: Author analysis using the survey data marketed about 27% of their grain biomass in cash to generate income. The third largest area of grain use was for making local beverages such as Tella and Areqi. Farm households make local beverages either for own consumption or to sell locally. Furthermore, a small amount of maize grain was used to feed livestock, accounting for about 2% of the total. Other uses such as for borrowing, as seed, handouts to relatives or neighbors, exchange with other crops or animal products or goods and services and payment for labor accounted for about 2% of the production.
Non-grain maize biomass uses
The non-grain maize biomass components encompassing stalks, cobs and husk can be used for several purposes. Measuring total production, value and share of use of nongrain biomass components, which have different forms, remains difficult due to the lack of a common unit of measurement in the communities. A proxy unit called Shekim, which approximately equals 25 kg, was used to measure the amount of non-grain biomass production and the shares of use of the non-grain maize biomass. Figure 4 shows potential areas where the plot level average non-grain maize biomass was allocated. The predominant uses of non-grain biomass were as feed for animals and for fuel, which together accounted for about 90%. Around twothirds of the non-grain biomass was used for livestock feed, with fuel accounting for a quarter.
The third largest use of the non-grain biomass by sampled farm households was the part left on the farm fields (accounting for about 8%), which could be decomposed on the soil. Around 3% of the non-maize component, stalks, was used for construction purposes, notably farm and house fencing and making local beehives.
Household food security profiles
Results of the food security profile of sampled farm households are in Fig. 5 . Overall, more than half of the sampled respondents scored an average food consumption profile, while 31% and 16% of the sample households scored acceptable and poor food consumption profiles.
The disaggregated food consumption profile between districts indicated that about 38% of sampled farm households in Bako scored acceptable consumption profiles, and 10% had a poor consumption score. Contrastingly, about 25% and 20% 
Biomass and food security nexus
We next questioned the relationship between biomass production and utilization and food security. Table 3 presents the average production and allocation of maize biomass for several purposes and whether a significant difference between the food secure and insecure households existed or not. Households that scored borderline for their food consumption profile were included in the food insecure groups. Accordingly, the mean annual production of maize biomass for the food insecure households was 4192 kg and 5838 kg for food secure households. The annual average production of grain maize biomass was 2783 kg for food insecure households and 3975 kg for secure households. The mean non-grain biomass production was about 1409 and 1863 kg for food insecure and secure households, respectively. However, the grain yield per ha was 3334 kg for food insecure households and 3597 kg for food secure households. The t-statistics indicated a significant mean difference in production of total, grain and non-grain biomass between the food secure and insecure households where the food secure households produced more than those that were food insecure. This shows a strong correlation between the amount of biomass production and farm household food security.
Additionally, the share of biomass use within the same food security group varied as shown in Fig. 6 .
The largest share of the biomass, about 44%, went for own food purposes in the food insecure households whereas the food secure households only allocated 33% for this purpose. The second largest destination of biomass for food secure households was the market, which accounted for about 24% compared with 16% for those that were food insecure. Animal feed use was placed second and third in share of biomass use for the food insecure and food secure households, respectively. However, its share for both groups equaled 23%. Similarly, the share of maize biomass allocated for fuel use by the food secure and insecure households was similar at about 9%. Another essential biomass use decision concerns parts of plants left on the farm fields. The share of biomass, stalks, and cobs without grain, leaves, husks, silks and roots that could be left on the farm fields was small and accounted for about 3% for the food secure households and 2% for insecure households. Table 4 compares the mean allocation of maize biomass for diverse purposes between the food secure and insecure households. Results of the t-statistics show, except for own food and construction uses, a significant mean difference between the food secure and insecure households. The negative mean difference reported in the last column indicates that the relatively food secure households allocated larger amounts of biomass for market, feed, fuel and soil enhancement purposes. For instance, the relatively food secure farm households allocated 636 kg more grain biomass for cash sale than the food insecure ones. This indicates that the relatively food secure farm households transact larger quantities of maize biomass in the market than their counterparts. This widens the share of maize income for the total farm income 4 between the food secure and insecure households (see Fig. 7 ). This decision enables farm households to use the income either to buy foods in other food groups for home consumption or for yieldenhancing crop inputs.
In addition to the single biomass use decision presented above, the intensity of use (whether a diverse or a nondiverse use decision), and its contribution to household food security is examined in the next section.
4.6 Empirical model results on impact of intensity of biomass use and food security 4.6.1 Endogenous switching regression estimation Table 5 presents estimation results of the ESR model. The estimated coefficients for the selection equation, diversification, and the outcome variable, FCS, for diversifiers and nondiversifiers are reported in column a, b and c of Table 5 , respectively. In the model, sets of household characteristics were controlled and included in the estimation.
The value of ρ j in the last row and bottom of column b and c of Table 5 shows the estimated coefficient of correlation between the error terms of the selection and the outcome equations. The significant result of ρ j suggests that the error terms of the selection (diversification) and the outcome (FCS) functions are correlated suggesting that both observed and unobserved factors influence farm households' diversification and FCS. This supports our assumption that diversification is endogenous and ascertains fitness of use of the ESR model. The value of σ i in the second last row, which is the square root of the variance of the error terms of the outcome equations, indicates the degree of heterogeneity in the outcome equations (variation in FCS between diversifiers and non-diversifiers). Hence, the FCS function of households which diversified maize use is significantly different (at the 1% statistical level) from those who did not diversify, as reported in column (b) and (c) of Table 5 .
The first stage of the model reports the determinant factors for a household's decision about diversification. These factors are listed in the first column and the corresponding estimated coefficients in column a of Table 5 . 4 We computed farm income based on the expenditure approach, where the expenditure (the marginal propensity to consume (MPC)) is 0.21. Thus, total farm income equals the product of total expenditure multiplied by the marginal propensity to consume (i.e. Farm income = Expenditure*MPC) where about 70% was assumed to be consumed at the household level. Source: Author analysis using the survey data The factors encompass demographic factors such as age, gender, and assets (such as land size, total livestock units (TLU)) and enabling institutions such as access to market, access to credit, access to extension and information on the diverse uses of maize and the number of maize varieties available. Age and gender of household heads significantly affected diversification. Age, for instance, affected diversification positively. Thus, older household heads were more likely to diversify than younger heads. A possible explanation for this could be that older household heads possess the knowledge and experience on how to allocate biomass for several purposes to fulfill household needs, when compared to younger household heads. Gender affected diversification negatively; male-headed households diversified less than their female counterparts even though the majority (about 96% of our sample) were male-headed (see Table 1 ). Furthermore, farm households with irrigable land, and larger numbers of livestock used maize for more diverse purposes than their counterparts. The justification for this is likely to be that access to irrigation enhances maize production first which in turn provides farm households with the power to diversify biomass use. Farm households with more livestock use maize for diverse purposes since they are likely to use part of their maize for livestock feed. Furthermore, farmers who have better access to markets use maize for diverse purposes. Farm households who have access to markets with a fair selling price diversify better by selling part of their maize for cash. Access to credit plays a positive and significant role since those with access to credit diversify better than those without. Additionally, access to a larger number of maize varieties tailored to specific or dual purposes significantly and positively influenced diversification. Farm household access to informationextension on the uses of biomass positively and significantly influenced diversification. Better access to information and extension encouraged farmers to use maize for diverse purposes. The second stage of the estimation showed heterogeneities in the outcome variable, FCS, between the treatment and control groups, and the factors that contributed to the heterogeneity. The significance value of σ i in the second to last row of column b and c indicates that the food security outcome (explained by equation 5a and 5b), of Table 5 . Only a few variables such as access to markets significantly and positively affected FCS of both diversifiers and non-diversifiers. Grain selling price and TLU were significant and affected the FCS of diversifiers positively. Table 6 reports the expected FCS under the actual and counterfactual conditions. Cells (a) and (b) represent actual and observed FSC while c and d are the counterfactuals. The findings suggest that the expected FCS of households who diversified is statistically higher than the counterfactual. The expected FCS of households is 35.1 (a) and 29.9 (b) for those who diversified and did not diversify, respectively. Therefore, the last column of Table 6 reports the average treatment effect of diversification. The average treatment effect of diversification is about 10 food consumption scores. This means that farm households who diversified (a) would have achieved about 10 scores less if they did not diversify (c). The average treatment effect of diversification on the untreated is about one food consumption score. In other words, farm households who did not diversify would have scored about one food consumption score higher if they did diversify.
Propensity score matching
As results of the ESR are sensitive to the selection of the IV, to check the robustness of our ESR model results we used propensity score matching (PSM). The application of the PSM passes through several steps. The first step is to test whether the common support criteria are satisfied or not. For this we first computed the propensity scores for the treated and untreated groups. Then we tested the common support criteria numerically and graphically.
The visual inspection from Fig. 8 as well as the computed value for the common support region, 0.02, 0.99, indicated that the criteria are satisfied. In Fig. 8 , the red bars represent the propensity score distribution for the treated households while the blue represent the distribution for the untreated, and the green are off-support. This proves the substantial overlap in the distribution of the propensity score for the treated (diversifiers) and control groups (non-diversifiers). Table 7 reports the average treatment effects of diversification on the food security of farm households using the nearest neighborhood method (NNM), radius matching method (RMM) and the kernel matching method (KMM). In the RMM, we used 0.1 radius, whereas the matching in the KMM and the NNM was based on the common support. We bootstrapped standard errors for all matching methods with 500 replicates. The PSM estimate presented in Table 7 , regardless of the matching method, indicates that farm households which diversified the use of maize biomass had increased their food consumption score (FCS). The increase in FCS ranged from two to four consumption scores.
Estimates of the PSM and the ESR models suggest the same impact of diversification on food security. However, the ESR estimates showed a higher impact on food security compared to the PSM estimates. The reason is that the ESR model outperforms in measuring the potential impact of a farm household's diversification decision by controlling both observed and unobserved heterogeneities unlike the PSM. 
Challenges in biomass utilization
Our qualitative assessment using the focus group discussions with maize growers and key informants highlight some of the challenges in relation to production and consumption of maize biomass. The challenges can be grouped into three themes: lack of access to information-extension on biomass production and utilization, lack of biomass processing and value adding technologies, and underdeveloped grain and feed markets. Our qualitative result is consistent with the model results on the determinant of diverse use decisions. Farmers' access to extension and information support via development agents (DAs) has been limited to the enhancement of grain yield with no advice on the production and uses of biomass. The national research and extension system is focused on the development of varieties that have high grain yield potential. Thus, access to use-specific or dual-purpose biomass maize varieties for maize growers as well as food processers is very limited. This was consistently explained by one of our key informants:
BOur main priority is aligned with the national maize development strategy. We are very much focused on the development of vigorous and high grain yielding varieties to boost food production and achieve food security, not on biomass. We have developed a few alternative varieties such as quality protein yellow maize to improve nutritional content; however, they are not yet well popularized.^5
Access to and availability of biomass processing technologies was almost negligible. As a result, farm households have been processing and using biomass inefficiently. For instance, food and feed processing (using equipment such as a chopper, mixer, miller and sheller) and value-adding and energy-saving technologies were inaccessible. One key informant at Anno agro-industry in Bako explained that:
BWe got these machines [chopper, mixer and miller] from USAID for processing our seed crop residue and for making feed for our livestock. However, due to frequent power interruption and shortages we are unable to use it. Farmers residing around our farm have been requesting us to rent these machines to them, but we are unable to do so.^6
Market challenges for both grain and feed are pervasive. Lack of access to the grain market, power asymmetry in setting the price of grain maize, volatile prices, and underdeveloped feed markets are prevalent in the maize sector in Ethiopia. One maize producing farmer in Mecha district shared a market related challenge he has experienced:
BI came to Merawi town today to sell maize but getting a buyer with a fair price is difficult. We have lost hopes on maize because we have been selling the 10 sehan [a local unit that equals to one kg] for only three ETB over the last two years. We are almost giving it away for free. The price of maize we are receiving is not commensurate with the cost of seed and fertilizer we are paying out. You can imagine we buy seed for about 500 ETB and fertilizer for 1500 ETB. We are about to stop cultivating maize.^7
The maize sector diagnosis study by Rashid et al. (2010) indicated some potential 'demand sinks' and new opportunities in the livestock and food processing sectors that would help to overcome market related constraints. We identified several challenges in realizing these opportunities, which are presented in Table 8 . Despite hope in the food and poultry sector to support the growth of the maize sector, in practice several factors have decelerated the uptake of maize as an input in these areas. For example, one of the main challenges in the poultry sector, particularly on smallscale poultry farms, is the rising price of feed and the volatility of egg prices due to fluctuating feed price and egg demand. Thus, the lack of market and competition in the feed market remains a challenge for poultry businesses. Despite a low market price of maize which has a 50% share in the preparation of poultry feed, the price of feed remains high which leads small poultry farms to exit the business.
Discussion
This study identified four major areas of use of maize biomass in Ethiopia: as human food, marketed for cash, feed for animals and as fuel. As our results indicate, biomass production is important for food security because it allows farmers to allocate larger quantities of biomass to individual uses and also to allocate it for diverse purposes. This is consistent with the findings of Jaleta et al. (2015) who argued that crop residue production influences the utilization of crop residues. Our analysis further identified multiple uses of grain biomass, with 64% used for direct home consumption, 27% sold for cash and only 2% used for feed. However, there was no significant mean difference in the amount of maize biomass allocated for food between food secure and food insecure households. The use of biomass for animal feed, which was placed third in share of use, enhances farm households' likelihood of consuming homeproduced and processed animal products (e.g. milk and meat) and sustains access to animal power. As a result, it enhances food security, since animal products are one of the eight food groups constituting the food security indicator, FCS. As our results in Table 4 indicate, the relatively food secure households allocated a larger amount of biomass for feed than the food insecure ones. This is consistent with the findings of Lule et al. (2012) and Tegegne et al. (2013) who underscored the feed role of crop residues in a crop-livestock system where grazing land is dwindling. Fuel use was the fourth largest destination of maize biomass. This decision helps to reduce the cost of fuelwood and the time allotted for fuelwood collection, which in turn encourages farmers to invest more time on farm activities and increase farm productivity and food security, which is consistent with the findings of Lule et al. (2012) and Mekonnen et al. (2017) . The amount of biomass retained on farm fields to enrich soil fertility was very small compared to other uses, though food secure households allocated a relatively larger quantity than those that were food insecure. The results of the ESR and the PSM estimates further underscored our compelling evidence of positive impact of farm households' diverse biomass use decisions on food security. This finding is consistent with the findings of Mekonnen et al. (2017) in Ethiopia. However, farm household decisions on the use of biomass are stimulated by several factors such as access to information and extension support, access to markets and biomass processing and use encouraging technologies and inputs. The optimum use of maize biomass was undermined by a broad set of factors. These factors can be grouped into three for our discussion: a lack of information-extension, lack of value addition and biomass processing technologies, and lack of markets. Our results, consistent with previous studies by Jaleta et al. (2013 Jaleta et al. ( , 2015 , indicate that information and extension on the uses of biomass have the potential to increase farmer awareness about the types, benefits and costs of trade-offs among uses. Our results also reaffirm that access to information and extension support encourages farm households to diversify their uses of maize and improve wellbeing. However, our qualitative assessment showed that access to information and extension, particularly for the non-grain maize biomass use, is almost nonexistent. The current research and extension system in Ethiopia focuses on grain biomass only and undermines the importance of non-grain biomass. Efficiency enhancing, value addition and food and feed processing technologies such as choppers, mixers and maize-shellers are inaccessible to farmers. Thus, farmers rely on traditional and inefficient ways of processing and using biomass. The third limiting factor in biomass utilization is the lack of a market for many of these products. Our results indicate that access to markets has the power to stimulate both single use and diverse use of biomass and thereby impact livelihoods positively. However, we found that the transaction costs with maize are very high due to lack of maize buyers, and power asymmetry between buyers and maize growers. Grain, feed as well as non-grain biomass markets remain a challenge. This concurs with previous studies by Lule et al. (2012) , Tegegne et al. (2013) and Rashid et al. (2010) , which suggest that markets in general, and feed markets in particular, are underdeveloped in Ethiopia. Even the potential demand sinks identified and recommended by the diagnostic study to overcome market constraints have remained trapped by challenges of technology, infrastructure and lack of access to suitable maize varieties. This implies the need to streamline efforts towards the development of the feed business by encouraging the private sector as it fosters the growth of livestock and poultry farm businesses and thereby creates a market for maize farmers as maize is the main component of feed.
Conclusions and policy implications
Achieving sustainable agro-economic growth has become a global challenge. This has encouraged shifts towards sustainable and renewable resources that build a bioeconomy. Achieving this would require the efficient utilization of all aspects of crop biomass for enhancing food security in subSaharan African countries including Ethiopia. It is well established that maize is one of the most important bioeconomy crops that can serve multiple purposes. So far, the development policy and strategy of the maize sector has been tilted towards achieving grain productivity with little attention to the nongrain components, and the uses of the entire maize components in Ethiopia and other SSA countries. This empirical study therefore examined the production and intensity of maize biomass utilization and its implications for the food security of farm households in Ethiopia using a mixed methods approach.
The findings of our study convey three relevant policy implications. First, increasing the quantity of maize biomass is important for the enhancement of farm household food security, which in turn supports biomass-based growth. As a multipurpose crop, an increase in the quantity of maize biomass in a maize-based production system not only increases the amount of biomass allocated for individual use but also provides farm households the opportunity to use it for diverse purposes. Nevertheless, enhancing maize biomass on its own may not be sufficient to ensure food security, although farm households can use it for own home food and other food security impacting purposes. Second, the study found a positive effect of farm household decisions to use maize biomass for diverse purposes on food security. Thus farm households who did diversify would have reduced their food security profile by about 10.5 food consumption scores if they did not diversify. Third, despite positive effects on biomass production and utilization, factors such as access to informationextension on biomass use, access to biomass markets and biomass processing and value adding technologies are lacking in the Ethiopian maize sector. Therefore, the study underlined the importance of policy innovations to provide better access to extension and broaden the scope of the research and extension systems to cover use of non-grain maize components to fully unlock the food security and growth potential of maize. Further research is required to better understand the implications of individual use decisions on other outcome variables such as crop yield and farm income. More research is also required to cover more than just maize crop biomass to assess whether support towards maize biomass production for various uses is justified or whether investments in other food and feed crops has more impact on food security and the overall wellbeing of farmers.
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